ZnO nanowalls and nanocolumns were synthesized on Si 3 N 4 (50 nm)/Si (001) substrates at low growth temperature (350 and 400 o C) by metalorganic chemical vapor deposition (MOCVD) with no metal catalysts. ZnO nanowalls with extremely small wall thicknesses below 10 nm and nanocolumns with diameters over 100 nm were formed on the Si 3 N 4 /Si substrates relying on MOCVD-growth temperature. It was found that ZnO nanowalls have a strong c-axis preferred orientation with a hexagonal structure, while ZnO nanocolumns have a weak c-axis preferred orientation with broken stacking orders in synchrotron x-ray scattering experiments. In addition, strong free-exciton emission from the ZnO nanowalls was clearly observed in photoluminescence measurements. On the other hand, we could not observe any emission bands from the ZnO nanocolumn samples.
Introduction
Recently, ZnO has attracted attention as a promising material for short-wavelength optical devices due to the great advantage of having a large exciton binding energy of 60 meV. Many significant exciton effects promising for achieving large oscillator strength, significant nonlinear optical properties, and biexciton interaction due to the enhancement of exciton confinement would be expected in low-dimensional ZnO nanostructures. In addition, ZnO nanostructures such as nanowires, nanobelts, and nanodots are promising in a number of useful device applications such as chemical and biological sensors, solar cells, and light emiiters due to enhancing device performance by nanostructuring [1] [2] [3] .
Recently, Wan et al. have reported hydrogen-storage properties of ZnO nanowires at room temperature (RT), which suggests that ZnO nanostructures are very promising for hydrogen-sensing and storage applications [4] . In this regard, we report on ZnO nanowalls as well as nanocolumns grown by metalorganic chemical vapor deposition (MOCVD) with no catalyst driving at low growth temperature. Especially, our ZnO nanowalls with much larger surface area than nanowires showed effective hydrogen incorporation properties at RT.
Experimental Procedure
ZnO nanowalls was grown on Si 3 N 4 (50 nm)/Si (100) substrates at a fixed growth pressure of 200 Torr for 30 min in a MOCVD chamber. Typical flow rates of source materials for the ZnO growth, diethylzinc (DEZn) and N 2 O, were 3-5 µmol/min and 1250 µmol/min, respectively, at the low growth temperature of 350 and 400 o C. Structural properties of the nanowalls and nanocolumns realized in this study were characterized by synchrotron x-ray scattering measurements at beamline 5C2 at Pohang Light Source (PLS). The synchrotron x-ray was vertically focused by mirrors and a double bounce Si (111) monochromator was used to monochromatize x-ray to the wavelength of 1.37 Å. The morphologies of the samples were investigated by field-emission scanning electron microscopy (FE-SEM) measurements after taking the samples out of the MOCVD chamber. Photoluminescence (PL) was characterized using the excitation at the 325 nm line of a He-Cd laser as an excitation source.
Results and Discussion
Firstly, we carried out the growth of ZnO nanocolumns at 400 o C varying DEZn flow rates from 3 to 5 µmol/min. As shown in Fig Depending on MOCVD-growth conditions, nanowalls with extremely small wall thickness below 10 nm were realized as shown in the Fig. 2(c) . A great number of nanowalls with wall thickness below 10 nm are formed into relatively large nanowalls with average nanowall thickness of about 20 nm. The DEZn flow rate caused dramatic changes to the morphology of the nanowalls. The wall thickness begins to decrease and the density of nanowalls increases with the DEZn flow rate. At the DEZn flow rate of 5 µmol/min, the extremely small nanowalls are formed, resulting in nanowall-network structures. Figure 3 shows the diffraction profiles of the ZnO nanocolumn and nanowall samples grown with the DEZn flow rate of 4 µmol/min to the substrate normal direction in reciprocal space measured by typical θ-2θ scans, where Q=4πsin(2θ/2)/λ. The diffraction peak of the ZnO nanowalls grown at 350 o C occurs only at 2.41 Å -1 which is related with ZnO (002) Bragg reflection as shown in Fig.  3(a) , while the ZnO nanocolumns grown at 400 o C have not only the ZnO (0002) Bragg reflection but also the ZnO (100) and the ZnO (101) Bragg reflection [ Fig. 3(b) ]. In addition, diffraction profiles
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Advances in Nanomaterials and Processing These results clearly indicate that ZnO nanowalls have a strong c-axis preferred orientation with a hexagonal structure, while ZnO nanocolumns have a weak c-axis preferred orientation with broken stacking orders in a hexagonal structure. More detail investigations on the formation mechanism of ZnO nanocolumns and nanowalls as a function of growth temperature will be reported elsewhere. Optical properties of hydrogen-exposed ZnO nanowalls were investigated by RT PL measurements because we could not observe any emission from the ZnO nanocolumn samples realized in this study. Figure 4 shows PL spectra of the as-grown nanowall sample, hydrogen-exposed nanowall sample, and the nanowall sample thermally annealed at 300 o C in an air atmosphere after hydrogen exposing. The hydrogen-exposing treatment (hydrogen flow rate: 1000 sccm) in the MOCVD chamber keeping RT was carried out at 760 Torr for 90 min. The as-grown ZnO nanowall sample clearly showed strong near-band edge (NBE) emission around 3.29 eV and broad deep-level (DL) emission around 2.4 eV as shown in Fig. 4 . However, the intensity of NBE emission strongly quenches and the DL emission is nearly observed after the hydrogen-exposing treatment. Hydrogen atoms incorporated into the nanowalls generally act as non-radiative recombination centers due to their donor nature [5, 6] , leading to strong NBE-emission quenching. In addition, hydrogen can passivate point defects into the nanowalls [4, 7] , resulting in the quenching of the DL emission. However, the intensity of the NBE emission from the sample thermally annealed at 300 o C for 20 min after hydogenation is strong enough compared to that from the as-grown nanowall sample, indicating the desorption of hydrogen into the nanowalls by the thermal treatment.
Conclusions
In this study, we have investigated on the ZnO nanowalls and nanocolumns grown at 350 and 400 o C on Si 3 N 4 /Si substrates at low growth temperature by MOCVD with no helps of catalysts. ZnO nanowalls with extremely small wall thicknesses below 10 nm and nanocolumns with diameters over 100 nm were formed on the substrates at 350 and 400 o C, respectively. We could observe cubic (11 1 ) reflection as well as hexagonal (101) reflection from the nanocolumn sample, while only hexagonal (101) reflection was observed from the nanowall sample in synchrotron x-ray scattering experiments. Strong free-exciton emission from the ZnO nanowalls was clearly observed in PL measurements. In addition, Effective hydrogen adsorption and desorption properties of ZnO nanowalls were investigated. On the other hand, we could not observe any emission bands from the ZnO nanocolumn samples.
